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�
1 � � � � �

µ-TPC � µ-PIC(micro pixel chamber) �v#	��
 time projection chamber ¡@'
���U�
� / 3 ���@Z
����=
`��Of��Wc8*�¡���f�� µ-TPC � dark matter � c�*�� MeVgammma

h��Kc�*('(w15U�
�Wc�*�=
��¢
/��(# �"!�#ud�egf��%$8/Uw@¡ � Q <&�(' %���wv5%��h)�
c�**�,+)-�=�+ -�.&�0/�1g¡#��fg=�2�3(eKf4��wt5��&�05�67�"
W= %@x�ª98�f proton x: �%¢�� 3mm /�;
�	��: ;�d�e(¢
�Of�� proton ���O]�����r(�
�v] �US ==<)>! gf�= %
x1¦
ª� Kfv§U�@?BeBABe�� µ-PIC x4CED! WfGF�H0I�_�`J' proton /�J
DO3�44; �K�MLuf$�=N�(¡ %Uf0�B' C(D�3�44; ���MLGf)
���x���O�� /1C
D	F0PQ�ML `SR f trigger �GT�U
¡#�
f4��w�5U�&� 3He � 
*V Kr �%S�w(x�5�6# WfO=Q'

n +3 He → P +3 H (1.1)

x*W,X 3H �Uª98�f4� P = 3H � � � S
wB�ZY[X � S(\��]���)^�d�R
fGF�x
_EFgx
��]8�
� r��W�1] § �vaKcOd�egf��&$�e&��=(`���fB$%=vx`W(-8¢�'Uwv5%�
�Kc8*K/ trigger =  �f$�=Z��¡ %Uf��K$v/%$ =0�Ma
b x@y�� ¢�2(- .g¡`�v' α h
/ ���%S�w%¡�/
��]�����r(���
] � �Q��cBdgf&$ =0�	e=f�x  Kf"�
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2 � � � � � � � � � �

	�
 ¬�4�� �@S`����] ��� r�¥�=�� ¢B#`��fB$ =M� ¡�%@f��O�O]�����r(�
�v]Q§�/8¦�ª
)
�,�1i
�K/BW�� 4���[K� 
��tf"�

1. ���%���&���US
w	�����
2. ���%���&��� ��l��K�����
3. ����l��&��0������ x! �f!"Kx�§%��aWc
��]��>��r����v]Q§g/$#�%�&�'%�$(�)�j�*,+
x �
f%/@¡�'B?U/$*�+�-,(
x���.g4t§
�%�/�0�1

(PMT) �1#`��f4�� �
/���]8�>��r����t]��(�@�!2%�
�@'43�5&� 2∼3 ns �0
���?BeBi6��=��7�98
:Wx!;�
F
H#"(x!� $�fE
 �t' H � �(rW=���¢@#	�OfUx��$<�=g¡���f��
�"
v'>�U�
�O]�����r�¥ �!8�:gx!?B�A@CB�x43	
�-1¢�� ��{(|tXg}UrK=�{�|tXK}%r1~(�

=�/0H�x$D�E�?BAB����f"�
2 -(.�¡%#`� 
A� ����]��>� r�¥@/ �(5���F 2.1 x$G! 0�

�U� ¦
§K/$#�%�&
' 4.7 MeV /���h�H X
λ > 200 nm /�§%� /1�

Kr 318 nm 2100

Xe 325 nm 3700

Ar 250 nm 1100

He 390 nm 1100

N 390 nm 800

NaI(Tl) ( D,I�# ) 410 nm 41000

F 2.1: '4��JWx@y�z�fK���
�g]�����r�¥@/ �(5
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3 � � � �

$�$8¡B�v2
-(.GxB#&�`
�$(&�'U)�*	�9$�ep`1/�5�6��Nc*d f

���/�+
,�-
.�'OEGF
H
I FvL�� x : � ¢��	dKf"�
3.1 �	��
���
�����������

3.1 �*WC��� ����� J �"! (0∼2 atm) # ���%$'&)( ( *��,+.- 12 `/min #�CED �/�- 1.3 Pa) #10�213�4�576�8:9 � ��� J.��!'��;<�"= ��� 3.2 �1>����?#�@/A�B1C�DE6F4"#
HV 4G� H)I�J:KML:K 2 N%O.P�#M0"2?Q.R 4"#�*.S.4G� H�I%J�K1L�K 1 N/O.P�#.T 6 N'�H:I.U VW9'XW8W��!GY[Z'�[\ ]E3_^`V�8ba���\,],T'3dcfehg'i�8?9:j"k.��!'��l �"=Wm,no.p,q.r

(PMT)2 st3vu%w�x:R%KGV?9by"z7{_K}|?3�~����EVb8"a:# PMT A # PMT C ���� {"�W�)�1V[9)s,�,�M�)4M�.8 PMT =��.�<� �t���1�?2:�"� H3695-10 � U�VW9bm,n� �?����= 8 mm �)#"�1���,�,�,�<�W�"-t3��[P'�:�/3v�1��D)9"� � 3.3 #%  3.4 #%  3.5¡�¢ 9s��"�M��= α £�¤}�.6_x"¥ & �§¦G3�4/��VW9"¥ & �¨¦1=.© &�ª�& �[« m)¬1�:#�n�­E�[®¯ V%�:�"°"©,± & �²�?³"´`3[�EV��?��� U�V[9"� � 3.6
¡.¢ 9.¥ & �§¦1�"=Wµ�¶E�·��¸?¹º IW»"¼¾½vK.xb¿Àe§#<{��7�?¸W¹ º I?Á,Â"Ã�Ä,ÅE��Æ�ÇWx α £ È β £<3_ÁGÉ)�1V�9��?¸?¹º)Ê"Ë 3W  3.7 ��ÌM�:9Í &FÎÐÏÒÑ Í/Ó &ÕÔ)Ö �b6Òx/�1¸ ( � & �[×[Ø�Ù & 3_4�5Ú6_8[9)X[8 VME �vÃ)ÛbÜ�# sig-

nal 3 p"Ý � VFÞ)ß.I"U�ÇF8)8:a�#àn?\�á:â:ã,ä�å,æ &[( (LM7171 #F2?¦ Ñ'ÏçÑ � 4100 V/µs)3�4��bx?èbé p.Ý !<3ëê'Ç?8�91{ëKG3[  3.8 ��Ì��:91{�� p Ý !E=�# Ý 5 ns # Pulse Heightì%í
∼
ì�î

mV � signal 3 130
q � p Ý �1V?9.  3.9 #M  3.10

¡�¢ 9J��_ï�#ñð%�.>,òÒó_ô�!'3öõ�4`6ë8�9¨÷�\�nW¤ (MODEL RPH-030) # FAN-IN/OUT(MODEL

740) # DISCRIMINATOR(MODEL 705) # COINCIDENCE UNIT(MODEL 466) # GATE

GENERATOR(N-TM 307) # ATTENUATOR # 2CH 50nS DELAY(N-TS 050) # 32CH

QDC(MODEL V792) #tø &�ùbú�Ñ%ª (cr71) # FUNCTION GENERATOR(CFG253) 9
3.2 û�ü�ý�þ
sb���E��REVdÿE�)���²P��,���������`3	�'ÇW8?9M{�{d�.=�J?KÐ|d��

�E��P,�bx����%V�9

1P6 ����������������� �"!��$#�%
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  3.1: õ/4)ô !
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  3.3: H3695-10

  3.4: m"n o"p.q,r H3695-10
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  3.5: ���"ã/m"n ��� mb�.-��.Ã

  3.6: ¥ & �h¦
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  3.7: �:¸?¹ º:Ê,Ë [4]. Á,Â,£'��� � ¦�� Ñ �����'= MeV.

Vi Vout

        

2pF

10kΩ
1kΩ

  3.8: è,é p/Ý !
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  3.9:
p Ý ÿE� signal   3.10:

p Ý zE� signal

3.2.1 ADC �����������
	
s��b�/�[õ,4t6v8 ADC = CAEN ��� 32CH QDC(Model V792) ��Y��`½dK"x�¿Úe§# 12-

bit #�n�
�� � ãM� U.VW9��'� Input signal ���}6_x signal ���.n�
�¶`3�� Ñ � @�A I�R<Çx.��V������"¬%��� � �1V�91{���� ��� I ADC
� �"6dx��t½vKMV[91{�� ADC 3 VME � ��� (�!�" © º =vzE�%X,��abx U.V�9v�$#M= ADC

� �"6_x 0 channel �t| 4096 channel� ì � I&%·|ëKEVW91JE{��)# ADC � channel
� �ÒR�],n�
.¶'��')(t3+* �EVb8"a/�[ð'�>Mò_ó��"�Ð3��ÐÇ)8:9

3.2.2 32CH QDC(V792) �-,/./0/1
sb���/�:4��"8 ADC = Input signal 3_R"]Ð6dó �öx1�WU.V � 3 ADC

� �"6ëx��/�E>�ò�:�32�x�� V�9.{ëKM3 pedestal
� �d��òà9.{�� ADC ��4�5�6�  3.11 7%> òFó[��I¾e_398GÇ8 pedestal

� 3:���)9�{�7 pedestal =�6/J�K%L�K 32CH QDC 7 23 channel � 28 channel; P/�.xÐ�)Ç�8E��7��MU%V�9Ú{dKÀ|�7:R/] channel =[s�� � ; ¿/� xÐ{dK �Ú|çõ%4%�'V
channel ��U�VW9 23 channel 3 PMT C

; 6 28 channel 3 PMT A
; P.ó.�.D)9

ADC channel
0 200 400 600 800 1000 1200 1400

co
u

n
ts

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

cCh23

Nent = 1048400

Mean  =  394.2

RMS   =  143.1

Chi2 / ndf = 136.9 / 7

Constant = 4.291e+04 +- 0.0583 

Mean     = 352.7 +- 0.1393 

Sigma    = 67.72 +- 0.03345 

pedestal(23ch) cCh23

Nent = 1048400

Mean  =  394.2

RMS   =  143.1

Chi2 / ndf = 136.9 / 7

Constant = 4.291e+04 +- 0.0583 

Mean     = 352.7 +- 0.1393 

Sigma    = 67.72 +- 0.03345 

ADC channel
0 200 400 600 800 1000 1200 1400

co
u

n
ts

0

10000

20000

30000

40000

50000

60000

70000

cCh28

Nent = 1048400

Mean  =  246.8

RMS   =  78.68

Chi2 / ndf = 194.2 / 5

Constant = 6.556e+04 +- 139.2 

Mean     = 230.5 +- 0.1051 

Sigma    = 40.66 +- 0.2193 

pedestal(28ch) cCh28

Nent = 1048400

Mean  =  246.8

RMS   =  78.68

Chi2 / ndf = 194.2 / 5

Constant = 6.556e+04 +- 139.2 

Mean     = 230.5 +- 0.1051 

Sigma    = 40.66 +- 0.2193 

  3.11: pedestal
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3.2.3 ADC � channel ��� Charge �����
ADC 7 channel

� � Charge 7)'�(<3+* �GVb8�a ; =MX�O�61U/V��
	"¶�7?n�
MI ADC; R'V >/ò_ó���
��_ê�VdÞ�ßMI U.V�9 FUNCTION GENERATOR �Ð| 7��
�"� (10 kHz)

�:  3.12
; ÌM�t>%òvó�� ����� ;�� �Ð�:6 Ý I.¿�>)J 100 ns � Pulse Height = FUNC-

TION GENERATOR 7 Amplitude
;���� xWÅ �MV signal �ëê'V%{��dI��32�8?9/{ëK�=� 

refampsig2
; Ì �G> òÒó��-# 7 signal

;"!$# Ü/IÐe 7"% o'& I�(*)Ú6Fx��.V�9 FUNCTION

GENERATOR 7 Amplitude �dÅ ¯ VM{����&6 ADC + 7WR.]"n�
"¶,�_Å.-t½0/EVM{���I� 2:V[9�{+7�1'243 ; ê'Ç[8 signal �65.7t6_x ADC 7 channel
� �ÕR"]�n&
�¶ 7)'�(8�9*

�GV%{�� ; �1VW9 signal 7 Pulse Height � V [V] �_¿ 2 6 signal 7����"9�:%I t [ns] 6?÷¾½I V [V] 7<;
=
� �?>�)%�1VM� 6 ADC 7[R.]�@$A ù?Ñ4B A�C,I 50 DWó$7b��R.],n�
,¶ Q=
Q =

V × t × 10−9
× 1/2

50
[C] (3.1)

�FE1i"Vv9FG'	��.= Gate
Ý � 300 ns �b6 6 Pulse Height � 10 mV �<| 100 mV Xd� 10 mVO P)6 100 mV �Ð| 500 mV X[� 50 mV O.P�6 500 mV �¾| 1700 mV X[� 100 mV O,P)Å

-Ð½0/18�9
FAN-IN/
OUT

delay

discrimi-
       mator

gate
generator

32 CH
QDC

function
generator

50Ω

10pF 47nF

  3.12: setup

H'I ;
Q [pC] 6KJ I ; pedestal � 0 �"6d8 ADC

�
[channel] ���dÇFx�66L Ñ"ª �*M !ON �6�8/��7�I�  3.13 6�  3.14 6�  3.15 �,U.V�9 pedestal =�  3.16

; Ì}6ëx,U V�9 160 channelgO>8�QPÐ�,6ëx ADC channel
� � Charge 7�'�( 7*R V.X���I�S%ó�V&7:��6 160 channel yT 7 " ©��'�F� ; Ì¾6_8[9_8�DM6 23 channel

; Pb�)x,= 160 channel y T � ADC 7 channel� � Charge 7�� ; £,ã '�(%I�U1aÐ|ÒK/ó��EÇ�V*W.  3.13 7XM !YN �[Z
Q = (0.45 ± 0.0048) × ADC + (88.59 ± 3.18) (3.2)

� fitting ½�K x.�%V�7b� FSR(=4096 channel)
; �/�1VWn�
.¶\Z

Q = 1909 ∼ 1955 [pC] (3.3)

�_T*]}½�^EV�W _�XEe 1 pC Z 2.096 ∼ 2.146 channel
;�`Ya �1V�W.  3.14 7XM !YN �[Z

Q = (0.2876 ± 0.005947) × ADC + (44.71 ± 4.202) (3.4)

� fitting ½�^ x.�%V�7b� FSR(=4096 channel)
; �/�1VWn�
.¶\Z

Q = 1194 ∼ 1251 [pC] (3.5)
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�_T*]}½�^EV�W _�XEe 1 pC Z 3.273 ∼ 3.430 channel
;�`$a �GV�W   3.15 7.M !�N �KZ

Q = (0.3684 ± 0.0219) × ADC + (28.73 ± 1.492) (3.6)

� fitting ½�^�x.�MV�W 160 channel y T �4Z�6 28 channel ��7%�,x`{�7�')(��,�võ�ò�{,�; �1V�W± Ñ���Ñ ;�� V�� ADC 7����
	��"É�
ön&
�¶YZ 400 pC �,U,V�W�{ ^���7 ` SYZ�6 signal� ÷��1� U/V'Vba ; signal
�

32CH QDC
; R`V�# ;���� 
vx�
�X�ÇWx �/V1{�� ;���� �V/��� ¯ |?^MV�W,X�V1{Q^ ;�� �%V/�6��� �b� Z�U V � 6 pedestal

���
200 ∼ 300 channelg > ; U VM{"�_È pedestal

� 7! Ú|
":6 offset nb\�	�� � 7$#�%Eó'&b�)(¾X�^GVM�*� ¯ |
^MV�W_ybÜ 71{b�����,+-
�VvÜ%��6vybz-6 ADC 7��.�!	��,É�
çn&
�¶¾��
ëx 23 channel Z

Q = 0.45 × 4096 + 88.59 = 1932 [pC] (3.7)

28 channel Z
Q = 0.2876 × 4096 + 44.71 = 1223 [pC] (3.8)

��7/�MVM{,� ; �GV�W
3.2.4 PMT ��/�0 GAIN

PMT 7 GAIN Z
GAIN =

132 �Ð|�É V�n o ìm.n�4 2 �Ð|�É V�n o ì (3.9)

��5 ¯ |Q^GV�W.  3.3 �76EV1�96 1!2 - 4 2 ��8:¼/n"\\Z −1250 V ��½�^�x �MV � 6%�'X
Input signal �:�/2�V�9 i p/Ý 
�V"�XV"a)6�8�¼�n,\,� PMT A

; Z[Ü;: � 7 −1500 V 6
PMT C

; Z −1400 V �.i�V�{�� ; ��V0W�<%{F��6>=�?+7 PMT
; _���x�<�^.@�^ −1500 V 6

−1400 V
; ¿ i�V GAIN �9* �%VÒ�b�\���MÇ"V�W PMT

; � �hm � RÚ|çób��4�5��M� 6 PMT

7[m�n � È B @.Ù Ñ-A �'|CB�D,9W�FE�n o ;.� V signal
�7G É.½"^/V0W){ ^`| 7:l:��6 PMT

7:m"n � �t|>B;D�9:�
E�n o � �Ú� p Ý�H � �
2 � 6Ð{"^ � one-photo-electron
; ���GV

PMT 7 p/Ý�H ��U/V1�I� ¯ |Q^GV�W,JtÇ�x PMT
; � �àm��vR�^/ó,���.
1��T
GM�GVG{� ;�� Ç[x:n o 7LK n�
 � � �%Ç[x"�%V)7�� PMT 7 GAIN �d^<V%{"� � � 2)V�Wb  3.17

7 � ò ; PMT �$M�� ;$N mO
�xbT
G � �tÇ'V*W 160 channel y T ��Z 23 channel
� õ ¯ó.�.V"a�6�P�QÐ��� 28 channel ��7M��x�G�	 ���¾Ç�V*W

PMT A 6 PMT C
; �1�'R$S�T,Z�<O^U@O^�  3.18 6M  3.19 7 � ò ; ó1Ç*V'WOJ I Z

pedestal � 0 ��
�V ADC
�

[channel] 6 H I Z � ¹ A<� ì ��V.R�W�m � � �XWÀ|dó"�'�I�¯ |Q^;RLY ;3Z m�[,��\]
�^,_�G`
�V�4�5`a�b 3.20 7 � ò ; ��c`
L^�deR�7�f�6�gih�^
f�j�dlk�a �3m UUf/2�R�W�b 3.18 6�b 3.19

�on
one-photo-electron

; � ��p R�q
r�s �
pedestal tlu (40± 5) channel 7�a�k7v ;�w ^�^�d�R�k�a �7x t�R�W!b 3.15

�Un 6 (40± 5)

channel Z (44 ± 2) pC
;�`\a!p R�W�d;y 6

1.6 × 10−7 pC × PMTGAIN × AMPGAIN = (44 ± 2) pC (3.10)
�!z n !8#

AMPGAIN=130 ± 10 f�V�R
t{u 6
PMTGAIN = 1.9 × 106

∼ 2.4 × 106 (3.11)
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p1       =  0.45 +- 0.0048 

b 3.13: ADC channel a charge 7����
(ch23)
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28ch Chi2 / ndf = 14.55 / 12
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b 3.14: ADC channel a charge 7����
(ch28)
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28ch-small Chi2 / ndf = 2.571 / 4
p0       = 28.73 +- 1.492 
p1       = 0.3684 +- 0.0219 

b 3.15: ADC channel a charge 7����
(160ch � T ch28)
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Nent = 71393  
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Chi2 / ndf = 101.5 / 8

Constant =  3451 +- 28.42 

Mean     = 369.8 +- 0.5211 

Sigma    = 51.56 +- 0.9478 
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pedestal(28ch) cCh28

Nent = 71393  

Mean  =  236.3

RMS   =  74.18

Chi2 / ndf = 88.38 / 4

Constant =  5828 +- 49.65 

Mean     = 230.1 +- 0.3218 

Sigma    = 34.19 +- 0.6747 

b 3.16: pedestal
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32 CH
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Pre
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PMT
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b 3.17: setup

a$j�R�W�_oy n PMT A 6 PMT C 7�<�^�@�^ −1500 V 6 −1400 V
;���� R���� GAIN Z

1.9 × 106
∼ 2.4 × 106 f�V�R;k�a �
x t	�*V�W�

����������s<C������������ � ( b 3.3)

a"!�#`
�j�d$� �&% u6^�V�W

3.3 ' ( )�*+(-,
k�k�f�.0/�1�243 � d�^�5�6i
8709�:�; DAQ � <>=?�@�	=$A
3CB�d�^�D�E;R$F�b 3.21

�HGJI�j�<�=4�K�H=&A�L0M	N�O�F�P�Q�R�S�T
:HU&V�3�. ��WX�Y�ia PMT L
b 3.22 �HG
I830Z\[ pH] F��4W��Y�J.8^ nK_ d�^&P�Q�R�S\T :4�8`�aXL0b�c pH] G�Id3
. n B � 7�F
P�Q�T�:�L�e�f (Kr g Xe) f&h?7 p�i 3�. 3 jk�
lJ=&m
�\Lon�d�gJe�f�.�p�q
S?3drtsJu
j ] G�I83dv\w p	] F 2 />� PMT � GAIN L0xJy�z ] 7�{�g PMT A 3
. −1500 V L0g
PMT C 3�. −1400 V L$t �
] k,a83 p�] F discriminator . −12mV g GATE |�. 300 ns

a pk] F FAN-IN/OUT � offset .
}&~����&w u j,d8���H3dg ATTENUATOR . signal �
overflow s�j�d	G�Id3d�
� p	] F
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b 3.19: one-photo-electron 3 � pX]
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4 � � � � � � � �

4.1 	�

� )��
y��&g�T�:HU\3 Kr Loh47?s g��4W��Y�HL0w � g	U���3����\6���L��X��7����ef�f��'s
�Y�HL�aC�C7CF PMT A � signal . QDC � 28 channel g PMT C . 23 channel 3$w � 7&F
PMT C �! H.�g QDC �$w#"#$&%�W(' �k��� ��f
f)�os �Y���XI�y4u3a � j�d F+* �-,
PMT C . �/.10C~HWCm!2>WdfkL�a �43/5.r � L _ uo7 {�O � 3�6�6 pH] k�a&3 pH] F
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4.1: Kr e�f�3JG ] mJW�$98�r\m;:CW$��f��'s �Y�

7
4.2 . Kr a<�/��6��>.�*��;y�y�3?s�3�g��4W��Y�k�$wX��7=��� a?> n<@ d�7'a�AC�

f���s � ����B;d�L�C sd7�h���fED ] Flk � L�F ] a"g m t�3��?W>� �HLow � 7'k�a$3JGn T :?U8V;f!g>�43�d ] k�a0� m t�{ u � ] F

ADC channel
0 500 1000 1500 2000 2500 3000 3500 4000

cp
s 

p
er

 5
0b

in

10
-3

10
-2

10
-1

1

PMT A

Mantle
NoMantle

7
4.2: �>W>�Y�
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4.2 ���
k�k f�. / 1 2�f=.	3o5
6 p�]������ 3 �\��]�	�

��� �

α ��g β ���8�����4L C	3Js�78F
α �4���E'C���,r (MeV) 4.0 5.4 5.7 6.1 6.3 6.8 8.8

Kr
� 3 ����] ��� (cm) 2.3 3.2 3.4 3.7 4.0 4.4 6.3

Xe
� 3 �J��] ��� (cm) 1.6 2.4 2.5 2.7 2.9 3.3 4.7��� �)$98CW � 3 �J��] ��� (µm) 25 39 43 48 50 57 87� ~���W � 3 ����] ��� (µm) 22 35 38 43 45 51 77

C 4.1:
����� 3 ���\] α �?� ���

β �?��� '��!��r (MeV) 0.04 0.1 0.5 1 2

Kr
� 3 ���\] �
� (cm) 1.4 6.4 74 180 380

Xe
� 3 ���\] ��� (cm) 1.0 4.5 51 120 260��� �)$ 8�W � 3 �J��] ��� (µm) 29 140 1,800 4,400 10,000

C 4.2:
����� 3 ���\] β �4� ���

4.3 " # )��%$ &!')(+*-,/. α 02143658749
: �8��;�.$g 7 4.1 ��f���< � �J�$g � �>= ?
@�A ;CBEDGF � ] α � ��H?� z�x 3CBJI3LK�M ] FNPO �CK�M\7��
. �JQ�� 4 B\� R!S�; D] F
1. � � =�? @�A ;TBUD�F � ] β ��g γ �
2. T�:4U4��3TV y � ] BXW�Y �G� 3	G]

α �\g β ��g γ �
3. 85Kr � β ZL[k3]\�I^BLW_F � ] β ��g

γ �
4. `Jab�dcC�,rLe�W

: �gf �>I>h$g 4 3�B�I)3
i skjtskulKUM3Jm ] : a&3on ] F

PMT

prq�sut prq�sut
Kr85

 

 

vrw x

w x vrw x

y

7
4.3: f��E< �Y���Czb{
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4.3.1 ���������
	���
�� Kr � Xe ������������������	� �!
	J
b����" � '$#!��r&%
'H. Bethe-Bloch

")( ;+*�{ ] : ad��; Aog
−

dE

dx
= 2πNar

2

e
mec

2 Z

A

z2

β2

[

ln

(

2meγ
2v2Wmax

I2

)]

(4.1)

;-,�M f � ] [1] F :�: ;Cg 2πNar
2
e
mec

2 = 0.1535 MeV cm2/g ;#D/. g
re : 021 
���3$4 = 2.817 × 10−13 cm me :


���"o�-5
Na : 6-7�e98k�;:2< = 6.022 × 1023 mol−1 I : =2>
?2@ �BA W&m %)#
Z : C2D ���E"GFb�
HJI A : C-D �J��")F��25
ρ : C-D �J��")K � z : wbW ����"C
b	
β = v/c : w�W �X�L"&M � γ = 1/

√

1 − β2

Wmax : 1 j ")NPO ;Cw�W ��� �+,GM&Q ]SR p " ��'+#U��r
;#D ] F Wmax T)U a N2O�"WV x�X&,GM ] ��'Y#!��r�;Cg�w�W ���L"C�-5 � 
���"C�+5 G
.GZS[�{�X&p;ACI V x\g

Wmax ' 2mec
2β2γ2 (4.2)

;+,�M f � ] FCw�W ��� � cG\�r
e>W "WV x�g�w�W ���L"o�+5 � 
L��"C�+5 G�.&ZS[L{�X
p A>I " ;�g : ")( LS] I F(

4.1
" :2<XL�^�a0{ ] a`_ ")( X-a ] F

−
dE

dx
= const. ×

1

β2

[

ln(const. × (βγ)2) − β2
]

(4.3)

a)a ] F+:P<
VX{�X=C 4.3 X;b s&cWdXLSe\w s"g�f�lPg2X	s&c " � 7 4.4 ; D ] F-h2i TK �4LGj�k 3GlPm2n Fpo/. " ��'p#!�,r&%P'�XHsKgYq2i T wbW γ � " � 'Y#U�,r�L�a$r=3
I ] F K � Tts
u ��� ")vPw q2xU;ED ] a�s�3+y+z s)cCF
`�a�� c$\�rbeXW " GJIGX$[b{��#'B#���r��+{EIla g * " �E'-# ��rp%J' TJ| a$N�}

minimum ionizing particle (MIP) XJG ] Z " X+a ] F MIP
" �E'Y#��,rG%
'>LS~�m(> ]

a g Kr ; −dE/dx ' 5.1 keV/cm g Xe ;�Z −dE/dx ' 7.3 keV/cm ;ED ] F�p A4u F$�
Z2r(3�Z g�T�: " {gF T 21 cm ����a " ;�g Xe

"WV x!; 150 keV �
�tstjX�E'Y#���r�L
%�' sWa�I F : � T α � " � '$#!��r&%
'LX)���2[�{�X&� FoI&d!; D ])�

gas Z A [g/mol] I [eV] d [mg/cm3]

Kr 36 83.8 352.0 3.74

Xe 54 131.29 482.0 5.86

C 4.3: ]�� sWc&�	e�f " 2�r��

19



7
4.4: Bethe-Bloch Formula

4.4 " # ���%$ &!')(+*-,/. α 0 5����
�	��
 ; T
����� #
j f B!D�F���� α �LX���� ������� � $ 8 r��;: � �"!$# ��� "�%&�' ; D(� " ;*)+*+�
,�H " z�{ ! ���!< � #
j f @�-/. cbI � * " c�0
X T*���1� #Jjf B!DGF2��� α � " m !43�5 . c�����< � # ! aE.6) 7 4.1

" ���!< � #�j f87 .:9 k�;
�CI �NEO T �g� ��$ 8 ��! ��I�3 α � !$3	5 n<� : a)X . c � � � ��$98 � � X�=�k�� α �
a β � " ��> T )6? 4.2

"A@
4.1 ) 4.2 X)b . c �@ j f �"��� #Jj f B!D�F��<� α � " �	> T R(B ; 87 µm ;DCE� : a %�F j�� � ��� �GIH ��! 4 JEK<LEM�N F ! y�r+cUa :
O ) 100 µm ;�C�r+c " ;�) : ��; �1�P� #�j f "

α Q TAR�S X 3�5 F���� : a&X+a�� � �
T = ?
@�A X V ^$��� 228Ra
"

β Z�[�X���� β QU
0.04 MeV) Z�V ^Br+M . ^�W % )�X O : " β Q T�YDZ #"[,r % α Q " Y(Z #�[�r
X)���
[�{�X&� FoI
c	0
)��	\�< � # "�] R�aoz�{�X-a�� : a T aXI " ;+^D_�n"� : a&XLn�� �`

4.5 X �1�a� #�C . (Mantle) ) ���P� #�a . (NoMantle) ) �b�a� # !
cdT Y GdH �
; 3	5 (Mantle(Shield))

"
3 e " ��\�< � # !4f �DM�m
c � �"�1� #Ja . a 3�5 " ��\�<

� # T C�^L.hg F f a�i % ) 500 j 1000 channel k . !ml ��a �1�P� #�a . �L.GZ 3�5 "n %�o�p ��� H r � %mq i � =�r f�s�t � Tu�+T p:v�w�x�y+zb{�| ��� β Q�X����	� � GH rD�a} �$� %�~��$�a� �EMDi�� "�y C(�ea � F ��� �t " 3	5 . c*� " ��\�� � # !�3	5 . a�i�� " ��\�� � #
j �49 i
c "*% ` 4.6
y CD� �
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4.6: �b�a� #�j � zb{<| ��� α Q " ��\�� � #

21



4.5 ADC channel
� �

photo-electron �������
	
t ��^ y���
�� j � ) ADC channel j � photo-electron ����g����"� t a %����"y C

� � photo-electron ��� � PMT ���! .#" ��$ �%�Ag����"�&��'#( $!)!* !,+�- ��.0/
MEi��21!3 % CE� % ) ��$ �#4�5 ���%67( $!)!* 'Ag F � " 0�) photo-electron �Ag8���
�8��9�0���:

PMT AMP ATT.

G PMT AMPG

QDC
N p.e.

A

`
4.7:

PMT
� �<;>= y N ? � photo-electron

%�yA@�" aB�(�,:DCFE+)HG 3.10 � � ) PMTGAIN×AMPGAIN(=G)%�F �<�>:IC " ) ATTENUATOR
y

factor A J�K�L!M |2N �#: t�t C y�y QDC �#�1�
Charge ( %POPQ�yR@ �>: QDC ���P� Charge ( Q '

Q = N × e × G × A (4.4)

a>S<� (e: T ;�U ) : ? 3.2.2
� G 3.4 ) 3.6 !�V i<�ea t � Q ! pedestal W ! 9 i " ADC

channel ��a g!� yX@ �#: t ��OYQ !,Z Q ����a ) ADC channel � � photo-electron � N%�[ C��#:��\ ��]!^ ! photo-electron � (p.e.) �Ag8� .#" ��\b� �7_b!,` �<: Kr J�K y S s Xe

�*e�i�MXa:��\�� �b_�! a#/ " : A
� WR' Kr ��e�i�M�' 8 dB S ��y 1/2.51 ) Xe ' 16 dB

S ��y 1/6.31
y CE�>:
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`
4.8: p.e. �Ag8� (Kr)
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�
5 � � � � � � � � �

	�
 �
� ���A"�� \���� _���� (��A��������� t a �
�! �#"%$�&'� _ � �)(�*D{,+�".-/ $�02143 �65�y
7 & G H98 7 }:&<; �>=6? |2N "<r � ; $�0 PMT ; ;P= ��@�AA���ACyA�9B%C � O<Q �4�>:
5.1 DFEHGI 	%
 y V i ":JLK�M:N ' ` 3.22

� �<W��&S�/+M(i
��: JLK�M '#O6P 100 Q � 1,3 �y2RR"�|9� M�i
��a + "TS = y�� ;VU& 6" - / $ a �9W�XLY V S�Z�'\[L]����>:%C " $'&� _ 5!� �2^ p2v��9_�` ���T� -baLcLdR�2z  a �2eEiVf%a�[V] + "g�:^ p2v+w�xX�'-ba
a9$�&h� _ " JVK,M 1,3 � a �#W�X�Y V �Vi �\j � �>:
5.2 kmlnGpomqsrut vxwzy|{ }~qHw ��y��F��!���������2� $,&�� _ 5 "%�,� * 143 �%5V� ' -ba '�� aL��� � �4��a + " Bragg �a �
�P/:f:� N �2�6� _4���#�%�'�,� K�S 0h� LL� + "V� C���a � a,���#: SRIM a�  �OPQ�¡T¢ � � " - / $ �#£6¤�5���� �%� _4���9�%�'� O<Q��R@ ��:�¥ ��¡2¢ � �§¦ � ��¨©

9MeV
-ba%�

Bragg � a �\ª%� + fL�~«7: ( ¬ 5.1)9MeV
c§­���- / $ � �§� _4�V�:�� �T® + f�'#" 9MeV

�
Bragg � a � a.a�� OPQ �4�>:

¯�°#±s²<³V¯µ´\°<¶L· - / $ � ��� _�������� �9¸���� 7 &\¹»º � 7.¼ & )8* '#½ � �¦ ��a + " - / $ ��¾�¿LÀ�� '��%� _4���9�%� �#ÁLÂ����9; $�0:Ã6Ä �A�9Å,Æ�Ç � ��a�È� ����:
5.3 ÉFÊFË
= ;�ÌA���AK§�\Å�Æ2; $ � 0 ½ � S �#Í " 1 = ;VÎ�Ï ���6 Lf PMT ; ;�=�0µ� K%��;
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¬ 5.1: 9MeV bragg curve
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2 5.4: 8MeV y=0,z=0
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2 5.6: 8MeV y=0,z=1
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2 5.7: 6MeV y=0,z=0
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6.3 6
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ØIÙ_� �k� �
�4�	
a = CmÐKJ+LA� 2 Ô"! A Ð ��M�l+.N, ' 73O !W"+PIQ O@Q3R"Ð R ÔTS
F�G � � Ö ' 2 Ô�' �� ×,ØfÙ_� �`� �
�4�	
�a S
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 � '�U@1WV
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 5/-

A × ( � ×EØfÙ � ��� �<�	�	
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Kr N = 400 ± 150[photons]

Xe N = 1100 ± 400[photons]

a 6.10: MeV l&.W,9a � ����Ù
� ��� � Õ�P Ö
Kr A × 3800/10000000 = 600/2000

A = 800 ± 670[events/s]
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A = 5700 ± 5400[events/s]

' ��Ô"!
MD?ka A ' N Ð�HI� � ×EØfÙ � ��� �
���4
;Ð x C���� ' (N � � P ��� ) � � y C��
� ' A/10000000 � ] -6�b<K]��	�	
 '���	 .�

� � Q a 6.12 � 6.13

> l Ô5!�
p.e
> �

V792 ��������� Q�� j Q��3� � '�� b J�� .Hd/<M]����4
 '���� ���_� ����4
 ' � J�Q V XS-�� ��Q�!#" a�$&%4a 'A� ' > � � % � %A����� ��(�) -	� ��!

�*� �+�
� ��� �<�	�	
 <K]��	�	

A×( � %-, , C ' l ��F�G �[�/. )/ 5 S F�G �[�/. ) 5 � %0, , C ' l ��F�G �[�1. )/

U32*4 m
Kr A × 3800 ± 1900[events]/10000000[events] 600 ± 400[events]/2000[s]

Xe A × 700 ± 500[events]/10000000[events] 800 ± 500[events]/2000[s]

a 6.11: �35DMD? ' � E���F�G-6�7 I V@�
36



p.e.
0 10 20 30 40 50 60 70 80 90 100

cts

1

10

10
2

10
3

Krm
Kr

Krm

 Kr simulate data

a 6.12: pmt e�� � 7 � ( <K] Kr � �
� �+�
� �2� 6���� )

p.e
0 50 100 150 200 250 300

cts
/2p

.e

1

10

10
2

10
3

10
4

Xem
Nent = 37245  
Mean  =  12.89
RMS   =  14.22

Xe Xem
Nent = 37245  
Mean  =  12.89
RMS   =  14.22

a 6.13: pmt e�� � 7 � 5 <A] Xe ���� � � � �2� 6 � )

37



�
7 � � � � � � �

7.1 � ��� XT*
	�� /�$0* 1
	����
��� ] ' , ,�� 6.10 ��� V�� ����� e4a 1MeV lA.W,9a ��6 � � � ����6! +P . Q#"$&% �G�('�Q � O . !�) . � a % � #�$A% ' %!*,+
-/. � � � !
0

-TPC 132�4(576�8 trigger 9;:=<,> 3He '3?3@&P a�A#B ' ,DC .DEGF �(H�I 7 6�!
7�J�7 6 Q ! �K� ]L��M 2&- .ONQP '�RTS j�a�U 6 � ��VDU�W 6 ��� (X%/Y '[ZK\ 2 �]'�!^ a�_,` ' �]a � Q

% �
0.764MeV �4l � aD� Kr ? � � 300±100[photons] ! Xe ? � �

±850[photons] a;U 6 � �3V(U�W 6b *QdcXe � O �5! PMT
' , ,gf � '  +P (/hji�2 �

.Hd ' � 10 k,l(m a  �P�Qd ,nDo '�p(q&- � � ' ��a � � ' 2 �]' ! Kr ��r ) 5 s ! Xe

�tr ) 2 sEa3u#vXw ( f,x 2#� )�, � !
7.2 y 	 z={
|0X z~}&���������

6.3
> '��X�#.D�(� ? 'D� a � N�� P#� EK�X��( " $G% C . Q ^ ��� ���#�]���,� ' ,

rb� �X��� ��� � ! NQP � ED�����d�,Y �T�7�K� 'T�*2 �3" $�% , ������C .,� �b�#�
'� O ����,#C . 300Hz % r 1500Hz '�" $�% r � �3�
U � � �bVdU,W 6��!�D �, ,¢¡ 6#7 � � � o % r¢£ V 80 ¤ m ��¥X¦(� 7TJ�§!¨ % rª© i	V� .«NªP �7¬!­ 88 s � ¡ 6#7 �AR � �/®#¯ - !g°D��±;'�²K³ 2 � � 12 sK�#´ �b� ¡ 6 7 � Sv �/£ V3� 300 ¤ m �#´jµª¶ Y � 7�J�§b¨�·�¸«± �t- 6 k � Nª� P�Q EjF ��� � 4700±3100

k /s � 7=J3§T¨&Q�·#¸ -b.,� �3� 7dJ3§�¨;�=¹dº,c � 4.4× 1017[s](1.4× 1010[year]) �X�
� ! ¡ 6�7 � ± E ) � � 7dJ�§�¨d»&P,¼ . �

(4700 ± 3100) × 4.4 × 1017/ln2 = (3.0 ± 2.0) × 1021[ k ]

'����3� 7dJ�§T¨X�3»&P,½ � 232 �X� ��¾ ½j±�¿#À�Á �L' (1.2±0.8)[g] '������ �#�#Â ��
1.3g � ¡ 6 7 � (OÃ�Ä,Å]ÆG-�Ç � �K¾ ½XÈO± -�. (46±31) s � 7�J=§�¨�É ¡ 6-7 � ±Ê ) �;.,� � ^ '�±K���3�

7.2.1 ËOÌ#Í
�(�#Â � � �(�]Î�6DÏ�6 Æ ¡ 6 7 � ?X± Ê ) � � 7dJ3§�¨ % r/� NQP ±�,��b���D� U 6Ð �TV#UÑW 6! ( M 2
-3Ç � PMT �d #n(o�É�ÒtÓOÔgÕ; KÖ«Éd×�Ø�±�Ù % C Ç�ÇKÚ ±�Û f

38



��\#½���� ��� r � ���«C Ç É��L?3@�	 TPC � self trigger ' -/.�
;Æ �
����� �«�3�; 
½ � f������ Ç ��) Ç ¡ 6 7��L?�� 7dJ�§�¨ Ê�� ½ � 10 sdl#m ' � ¬Q�� O±(��C Ç �

39



�
8 � � � � � � � � 	

8.1 VME

/* subv792.c */

/*v792_2ko.c*/

#include <stdio.h>

#include <stdlib.h>

#include <sys/times.h>

#include <time.h>

#include <sys/types.h>

#include <sys/stat.h>

#include <sys/mman.h>

#include <unistd.h>

#include <fcntl.h>

#include <sys/param.h>

#include <sys/ioctl.h>

#include "vmedrv.h"

#include "v792.h"

#include "checktime.h"

#define BUFFER_BASE 0xf00000

#define CONTROL_BASE 0xf01000

#define TH_LEVEL 0x0

#define LOOP 1

#define MAXTIME 1000

#define READCH1 23

#define READCH2 28

size_t mapsize;

char *ctrl_base;

char *buf_base;

int v792(FILE *fpw)

{

int vmedev[2];

int rc;

long vmeaddr;

int *ptr;

short *sptr;

int i,j,k;

int data[256];

double lap;

time_t nowtime,sttime;
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int cl;

short sdata;

int words;

int pos;

short type;

int offset;

int temp;

int adc,ov,un,ch,crate,cnt,ec,expectedch;

int adcstore[32];

/*START TIME CHECK*/

checktime(0);

/*MAP*/

if((vmedev[0] = open("/dev/vmedrv24d16", O_RDWR)) == -1){

perror ("open: /dev/vmedrv24d16");

return 1;

}

if((vmedev[1] = open("/dev/vmedrv24d32", O_RDWR)) == -1){

perror ("open: /dev/vmedrv24d32");

return 1;

}

mapsize = getpagesize();

vmeaddr = (CONTROL_BASE/mapsize)*mapsize;

offset = CONTROL_BASE%mapsize;

ctrl_base = mmap(0, mapsize, PROT_READ|PROT_WRITE,MAP_SHARED,

vmedev[0],vmeaddr);

ctrl_base += offset;

if (MAP_FAILED == ctrl_base){

perror("mmap");

return 1;

}

vmeaddr = (BUFFER_BASE / mapsize)*mapsize;

offset = BUFFER_BASE % mapsize;

buf_base = mmap(0, mapsize, PROT_READ|PROT_WRITE,MAP_SHARED,

vmedev[1],vmeaddr);

buf_base += offset;

if (MAP_FAILED == buf_base){

perror("mmap");

return 1;

}

/*Setup */

sptr = (short *)(ctrl_base + QDC_SS_RESET);

*sptr = 0xffff;

/* soft reset */
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sptr = (short *)(ctrl_base + QDC_SET_ONE); /*QDC_SET_ONE=0x6 Bitset1register*/

*sptr = SOFT_RESET;/*SOFT_RESET is 0x80 */

sptr = (short *)(ctrl_base + QDC_CLEAR_ONE); /*QDC_CLEAR_ONE=0x8 BitClear1register*/

*sptr = 0xffff;

/* All channel enabled.

Th-level is setted at TH_LEVEL. */

/*pedestal*/

sptr=(short *)(ctrl_base + 0x60);

/* printf("%x\n",*sptr);*/

*sptr=255;

for(i=0;i<32;i++){

sptr = (short *)(ctrl_base + QDC_TH + i * sizeof(short));

*sptr = TH_LEVEL + CH_EN;

}

/* on ctrl register 1 */

sptr = (short *)(ctrl_base + QDC_CTRL_ONE);

/** *sptr = 0x0000; **/ /* ref. section 4.14 */

*sptr = 0x0000;

/* on Fast Clear Window register */

sptr = (short *)(ctrl_base + QDC_FCLR);

*sptr = 0x0000; /* ref. section 4.25 */

/* on Bit Set 2 register */

sptr = (short *)(ctrl_base + QDC_SET_TWO);

*sptr = AUTO_INCR + EMPTY_PROG +ALL_TRIG;

*sptr = AUTO_INCR + EMPTY_PROG + SLIDE_ENABLE + ALL_TRIG;

*sptr =0x4880;

/* on Crate Select Register */

sptr = (short *)(ctrl_base + QDC_CRATE);

*sptr = 0x1;

/* OUTPUT header currentCH+10000 */

fprintf(fpw,"%6d",10000+READCH1);

fprintf(fpw,"%6d\n",10000+READCH2);

cl=1;

sttime=time(NULL);

while(cl==1){

i++;

nowtime=time(NULL);

if (nowtime-sttime>MAXTIME)cl=0;
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sptr = (short *)(ctrl_base + QDC_STATUS_ONE);

do{

sdata = *sptr;

}while((sdata &0x1) == 0);

/* dump of MEB */

pos = 0;

do{

ptr = (int *)(buf_base);

data[pos] = *ptr;

type = ((data[pos] >> 24) & 0x7);

pos++;

}while(type != EOB);

for(k=0;k<32;k++)adcstore[k]=0;

/*sort */

for(k=0;k<32;k++){

type= (data[k] >>24) & 0x7;

if(type ==2){

j=0;

}

if(type == 0x0){

temp=data[k];

adc =(temp & 0xfff);

ch =((temp >>16) &0x3f);

un =((temp >>13) &0x1);

ov =((temp >>12) &0x1);

if(j%2==0)expectedch=(j)/2;

else expectedch=(j)/2+16;

while(expectedch != ch){

j++;

if(j%2 == 0) expectedch=(j)/2;

else expectedch=(j)/2+16;

}

if(ov==0) adcstore[expectedch] = adc;

else adcstore[expectedch] = 4096;

}

}

/* for(j=0;j<32;j++){

if(adcstore[j] != -1)printf("%4d ",adcstore[j]);

else printf("0 ");

} */

/* OUTPUT7ch15ch */

fprintf(fpw,"%4d ",adcstore[READCH1-1]);

fprintf(fpw,"%4d",adcstore[READCH2-1]);
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fprintf(fpw,"\n");

/*CHECK EVENT TIME*/

checktime(i+1);

}

/* Clear */

sptr = (short *)(ctrl_base + QDC_CLEAR_TWO);

*sptr = SET2_CLEAR;

return 0;

}

8.2 �����
main(){

struct point np; /* ����� */
struct discus d1,d2; /*pmt 	�
 */
struct angle a1,a2;/* ��
 */
double i;

double th,r;

/* ������� */
d1.o.x=0;

d1.o.y=0;

d1.o.z=0;

d1.r=0.4;

for(np.z=0;np.z<=H;np.z+=SSTEP){

for(r=0;r<=R;r+=SSTEP){

np.x=r;

np.y=0;

a1.the=0;

a1.phi=0;

i=0;

for(a1.the=0;a1.the<(PI/2);a1.the+=ASTEP){

for (a1.phi=0;a1.phi<2*PI;a1.phi+=(ASTEP/sin(a1.the))){

if(dincheck(&d1,&a1,&np)==1){

/**printf("%lf %lf\n",a1.the,a1.phi);**/

i+=ASTEP*ASTEP;

}

}

}

printf ("%lf %lf %f\n",np.x,np.z,i);

}

}

}

8.3 ������������� { �"!�� #%$ &('*)+�-,/.�0+12! z
#include <stdio.h>

#include<math.h>
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#include<time.h>

#include<stdlib.h>

#define PI 3.14159

#define R 4 /* 	�������� */

#define H 6 /* 	����	��
 */
#define PR 0.4 /*PMT ��� */

#define D 0.01/* 	
����� MESH*/

#define LOOP 1000

#define V 0.01/* ������� */

#define MV 1e-4 /* ����������� �!�"�!� */

#define SKIN 80 /* ������������#$� ��%�&'
 ( �!(�)�*�+�,-�.� )*/

#define E_DATAMAX 200 /* /10 �$2�,	3!4651,67�8�9�:�;=<�>?� @?A�B */
#define S_DATAMAX 600 /* C!D��E5!,17�8 9�:?;�<!>?� MAX*/

#define EMAX 9 /* /�0 �$2�,=3!46F�G�HEI�J�; MAX*/

/* K�L���% */

struct point {

/* M�N1O!P?)Q�R��S�T�D$� ��% */

double x;

double y;

double z;

};

struct sr{

/* C�D��$��U'V�� */
double w1;/*sr for PMT1*/

double w2;/*sr for PMT2*/

};

struct angle{

/* W�X�Y?I1� ��
�Z�� */

double the;

double pi;

};

struct eloss{

/* /�0���2�,
3�4\[�]EV�)�^
_�51,17�`�a?b�c6,�b */

double s[E_DATAMAX];

double loss[E_DATAMAX];

};

struct sdata{

/* C�D ��51,67d`�aEb�c�,�b */

double p[S_DATAMAX][S_DATAMAX];

};

/* ef_EF"gihkj�l 	�������m�� ��8�n��6l?;"o�L makstart*/

makestart(struct point *psp,struct point *pv,struct angle *ang){

double st; /* p�q � */
int i=0;

/* Y�r!s�t�u$hvs!t */

while(i==0){

printf("\nset start points\nz=");
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if(scanf("%lf",&(psp->z))==EOF)i=0;

if ((psp->z) <= H/2 && (psp->z) >=0)i=1;

};

while(i==1){

printf("\nphi=");

scanf("%lf",&(st));

if (st<2*PI && st >=0)i=2;

};

psp->x=R*cos(st);

psp->y=R*sin(st);

while(i==2){

printf("\nset start direction \nthe=");

scanf("%lf",&(ang->the));

if (ang->the <=PI && ang->the >=0)i=3;

};

while(i==3){

printf("\nphi=");

scanf("%lf",&(ang->pi));

if (ang->pi <=2*PI && ang->pi >=0)i=4;

};

pv->x=V*cos(ang->pi)*sin(ang->the);

pv->y=V*sin(ang->pi)*sin(ang->the);

pv->z=V*cos(ang->the);

/** fprintf(ff,"%lf %lf %lf %lf %lf\n",psp->x,psp->y,psp->z,ang->the,ang->pi);**/

/** fclose(ff);**/

return;

}

/* checkin_outside �����k:�� ��F 	����	�	
1;���� 1*/

int checkin_outside(struct point *pnp){

if(pow(pnp->x,2)+pow(pnp->y,2)<pow(R,2) && pnp->z<H && pnp->z > 0)return 1;

else return 0;

}

/* � pnp 8
P�) �R� pv ��
�������� */

int run(struct point *pnp,struct point *pv){

pnp->x+=pv->x;

pnp->y+=pv->y;

pnp->z+=pv->z;

return checkin_outside(pnp);

}

/* C�D ��8=G�H */

str(struct point *pnp,struct sr *pnsr,struct sdata *data){

int i=0,j=0;

int rr1,rr2,z;

double r1,r2;

double a,b,c;

r1=sqrt((pnp->x-PR)*(pnp->x-PR)+pnp->y*pnp->y);

r2=sqrt((pnp->x+PR)*(pnp->x+PR)+pnp->y*pnp->y);
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rr1=(int)(r1*100+0.5);

rr2=(int)(r2*100+0.5);

z=(int)(pnp->z*100+0.5);

pnsr->w1=data->p[rr1][z];

pnsr->w2=data->p[rr2][z];

}

/* /�0���2�,
3�4!G�H�� ��� */
setloss_va(double se,double *offset,struct eloss *m){

double e=EMAX,de;

for(*offset=0;e>se;(*offset)+=V){

if(energyloss(*offset,&de,m)==-1)e=0;

e-=de*V;

}

}

/*gas /!0 �$2�,	3!4�8�G�H���[�]EV����!,�[�8��
	�j�l */

energyloss(double s,double *de,struct eloss *m){

int i=1;

while(m->s[i]<s)i++;

if (m->s[i]-s > s-m->s[i-1])*de=m->loss[i-1];

else *de=m->loss[i];

if (*de==0) return -1;

return;

}

main(int argc,char *argv[]){

int i,cts=0;/*LOOP conter,flush check,decay counter*/

struct point np,v;/* e=�
q��6P�) �.��
 , � 
�P?)Q�R� */

struct sr nsr;/* C!D�� */
struct eloss mdata,gdata; /* [�]EV�)���,1[ */
struct sdata srdata; /* C�D���56,17 */
struct angle nang; /* g�;
p�� */
double energy;/* ���E/!0 ��2�, */
double de;/* /!0���2�,	3�4 */

double gain1,gain2;/*PMT F�		�6;��E/�0���2�,	3�4 */

double j,vj;/* g ������� ,virtual*/

FILE *fp; /**/

int loop;

double Ene=8;/* ����j�l!/�0���2�, */

loop=argc-1;

srand((unsigned)time(NULL));

readmdata(&mdata);

readgdata(&gdata);

readsdata(&srdata);

printf("readdata\n");

i=0;

while(cts<loop){

if((fp=fopen(argv[cts+1],"w"))!=NULL)printf("file:%s open!!\n",argv[cts+1]);

makestart(&np,&v,&nang); /*start position*/

cts++; /*all counter*/

47



energy=Ene;/*start energy*/

setloss_va(energy,&vj,&gdata); /*set brag data*/

j=vj;gain1=0;gain2=0; /*set default*/

/*running*/

while(run(&np,&v)==1 && energy>0){

j+=V;

str(&np,&nsr,&srdata);

if( energyloss(j,&de,&gdata)==-1){energy=0;}

energy-=de*V;

gain1+=nsr.w1*de*V/4/PI;

gain2+=nsr.w2*de*V/4/PI;

fprintf(fp,"%lf %lf %lf %lf %lf %lf %lf %lf\n",np.x,np.y,np.z,j-vj,de,energy,nsr.w1,nsr.w2);

}

if(j>vj){/* ��b1�68 g � ���6� 	!j"t ,LOOP 8�������� */
i++;

printf("%lf %lf\n",gain1,gain2);

}

else printf("noflash\n");

fclose(fp);

}

fp=fopen("logarun.dat","a+");

fprintf(fp,"LOOP=%d decay=%d \n",LOOP,cts);

fclose(fp);

}

#include <stdio.h>

#include <math.h>

#define E_DATAMAX 200

#define S_DATAMAX 600

struct eloss{

double s[E_DATAMAX];

double loss[E_DATAMAX];

};

struct sdata{

double p[S_DATAMAX][S_DATAMAX];

};

readmdata(struct eloss *m){

int i=0;

double a,b,c;

FILE *fp;

fp=fopen("mantle.txt","r");

while(fscanf(fp,"%lf %lf %lf\n",&a,&b,&c)!=EOF){

m->s[i]=a*1e-8;

m->loss[i]=b*100;

i++;

}

fclose(fp);

return ;

}

readgdata(struct eloss *g){
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int i=0;

double a,b,c;

FILE *fp;

fp=fopen("Kr.txt","r");

while(fscanf(fp,"%lf %lf %lf\n",&a,&b,&c)!=EOF){

g->s[i]=a*1e-8;

g->loss[i]=b*100;

i++;

}

fclose(fp);

return ;

}

readsdata(struct sdata *x){

FILE *fp;

double a,b,c;

int i,j;

fp=fopen ("str.txt","r");

for(j=0;j<600;j++)for(i=0;i<400;i++)if(fscanf(fp,"%lf %lf"%%lf\n",&a,&b,&c)!=EOF){

x->p[i][j]=c;

}

fclose(fp);

j=0;

return;

}

8.4 � � �������
	 � #���
/��� �
main(){

int i;

double depth,j,vj;/**/

double se,energy,de;/**/

double pi,the,dv;/**/

FILE *fp;

struct eloss mdata; /**/

readmdata(&mdata);/* � �'�R�E� BragCurve 56,!7�8��
	���� */
fp=fopen("test.dat","w");

srand((unsigned)time(NULL));

for(i=0;i<LOOP;i++){

/* b?7�,-� ������]6����� */
depth=(rand()%SKIN)*(1e-4); /* ���!&�� SKIN � m*/

/* � ��j�l�p��6]6� �!� */
pi=2*PI*(rand()%360)/360;

the=2*PI*(rand()%180)/360;

dv=MV*cos(the); /* ���	p����	K#" */

/* � ��j�l1/�0���2�, */
switch(rand()%6){

case 0:

if((rand()%100)<64){

se=8.785;
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break;

}

else se=6.051;break;

case 1:se=6.779;break;

case 2:se=6.288;break;

case 3:se=5.685;break;

case 4:se=5.423;break;

case 5:se=4.012; break;

}

fprintf(fp," %f %f %f\n",depth,pi,the);/* ]�� ������� V�) � */

energy=se;

setloss_va2(energy,&vj,&mdata); /*Brag ^
_���b�7�, � ��8���� */

j=vj;

while(energy>0.001 && depth>0){

/* /�0���2�,=3�4 */

if(energyloss(j,&de,&mdata)==-1)energy= 0;

/* /�0���2�,��
	 */

energy-=de*MV;

/* �
� */

j+=MV;

depth-=dv;

/*printf("%f %f %f\n",energy,de,depth);*/

}

printf("%f\n",energy);

}

fclose(fp);

}

8.5 random simulate

main(){

int i,cts=0;/*LOOP conter,flush check,decay counter*/

struct point np,v;/* e=�
q��6P�) �.��
 , � 
�P?)Q�R� */

struct sr nsr;/* C!D�� */
struct eloss mdata,gdata;

struct sdata srdata;

struct angle nang; /* g�;
p�� */
double energy;/* ���E/!0 ��2�, */
double de;/* /!0���2�,	3�4 */

double gain1,gain2;/*PMT F�		�6;��E/�0���2�,	3�4 */

double j,vj;/* g ������� ,virtual*/

FILE *fp;

srand((unsigned)time(NULL));

readmdata(&mdata); /* �$������� Brag curve data*/

readgdata(&gdata);/*Kr � Brag curve data*/

readsdata(&srdata);/*Xe � Brag curve data*/

i=0;

while(i<LOOP){
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makestart(&np,&v,&nang); /*start position*/

cts++; /*all counter*/

energy=runmantle(&np,&nang,&mdata); /*energy of alpha from mantle*/

setloss_va(energy,&vj,&gdata); /*set brag data*/

j=vj;gain1=0;gain2=0; /*set default*/

/*running*/

while(run(&np,&v)==1 && energy>0){

j+=V;

str(&np,&nsr,&srdata);

if( energyloss(j,&de,&gdata)==-1){energy=0;}

energy-=de*V;

gain1+=nsr.w1*de*V/4/PI;

gain2+=nsr.w2*de*V/4/PI;

}

if(j>vj){/* ��b1�68 g � ���6� 	!j"t ,LOOP 8�������� */
i++;

printf("%lf %lf\n",gain1,gain2);

}

}

fp=fopen("logarun.dat","a+");

fprintf(fp,"LOOP=%d decay=%d \n",LOOP,cts);

fclose(fp);

}
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